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SUMMARY

Trypanosoma brucei (T. brucei) and Leishmania donovani (L. donovani) are protozoan
parasites that are responsible for significant diseases of both man and his domesticated
animals, making these organisms of immense clinical and economic importance.
Confounding the treatment of these diseases is not only the lack of non-toxic
chemotherapeutic agents, but also the development of drug resistance. The East African
trypanosome is often not only refractory to the more traditional heavy metal compounds,
such as the arsenical melarsoprol, but to the newer drug, difluoromethylornithine (DFMO)
as well, leaving physicians with few alternatives. The situation is similar with leishmaniasis,
where the pentavalent antimonial compounds have been applied therapeutically for almost
70 years and resistance to these drugs is fast becoming both a clinical and an epidemiologic
problem. Furthermore, leishmaniasis has proven to be particularly difficult to control from
an epidemiologic standpoint. due to its multitude of animal reservoirs and the wide
distribution of its insect vector, the phlebotamine sandfly. Because of the failure of more
conventional control methods, there is a necessity for the development of novel and more
effective chemotherapeutic agents for the treatment of the diseases caused by these
organisms. As demonstrated by DFMO, the polyamine pathway has been shown to be a
promising target for the design of innovative anti-parasitic drugs. DFMO is the only newly
developed antiparasitic agent to reach clinical- use for the treatment of African
trypanosomiasis in 50 years and owes its trypanocidal action to its ability to inhibit ornithine
decarboxylase, a key enzyme of the polyamine biosynthetic pathway, thereby depleting the

parasite of the polyamines necessary for rapid proliferation. S-adenosylmethionine
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decarboxylase (AdoMetDC) is another key regulatory enzyme of the polyamine pathway
which is reportedly targeted by a number of antiparasitic and antiproliferative drugs. More
specifically, it has been proposed that the enzymatic inhibition of the trypanosomal
AdoMetDC enzyme by the experimental drug 5’-{[(Z)-4-amino-2-butenyl]Jmethylamino}-5
deoxyadenosine (MDL 73811) (MDL = Merrel Dow Laboratories) can effectively cure
murine models of drug resistant African trypanosomiasis. It was our hypothesis that the
molecular and biochemical characterization of the AdoMetDC gene and enzyme from L.
donovani and T. brucei would further our understanding of the polyamine biosynthetic
pathway and its regulation and thereby aid in the design of novel chemotherapeutic
strategies. Because of the difficulty in obtaining sufficient amounts of enzyme to study from
cultured cells, a key goal of this project was the high level recombinant expreséion of at least
one of the parasite AdoMetDC genes. An additional hypothesis was that the development
and characterization of an MDL 73811-resistant L. donovani cell line would further
elucidate the mode of action of MDL 73811.

Our first aim involved the isolation of the AdoMetDC genes from L. donovani and
T. brucei. To this end we attempted to identify the AdoMetDCs by screening genomic
libraries from both L. donovani and T. brucei by cross-hybridization to the human
AdoMetDC cDNA. Because of the high degree of divergence between primary structures
of the parasite and human AdoMetDC proteins, this was unsuccessful. Our second
approach involved the amplification of segments of both genes from their respective
genomic DNAs via PCR, using degenerate oligonucleotide primers complementary to

regions of high identity between the human and yeast AdoMetDC protein sequences. PCR
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successfully amplified a 720 bp segment of the leishmanial AdoMetDC gene that was
employed as a probe to isolate the entire gene from a genomic A-GEM11 library. Sequence
analysis of the leishmanial AdoMetDC gene revealed a single open reading frame of 1,176
bp which encoded a protein of 392 amino acids. The primary sfructure of the L. donovani
AdoMetDC enzyme had 26% and 22% identity to the predicted sequences of the human
and yeast enzymes, respectively. The L. donovani AdoMetDC is larger than the
corresponding human enzyme with a predicted Mr = 44.2 kd for the immature proenzyme
and M, = 33.2 and 11.1 kd for the a- and S-subunits, respectively, of the active enzyme.
The predicted amino acid sequence of the L. donovani AdoMetDC was compared
with the primary structures of the other eukaryotic AdoMetDCs, making it possible to
redesign the oligonucleotide primers and again attempt to amplify the trypanosomal
AdoMetDC. Although PCR still did not successfully amplify the 7. brucei AdoMetDC, it
amplified a portion of the AdoMetDC gene from the related organism, Trypanosoma cruzi
(T. cruzi), which is evolutionarily midway between L. donovani and T. brucei. Because the
exact amino acid sequence of the T. cruzi AdoMetDC PCR product at the 5’ sense
oligonucleotide primer site was obscured by the primer itself, we amplified the mature 7.
cruzi AdoMetDC transcript from reverse transcribed mRNA using a 5’ sense oligonucleotide
common to all trypanosomatid mature mRNAs and a reverse primer complementary to a
region of the amino acid coding portion of the AdoMetDC gene. The -p:edicted amino acid
sequence of the mature 7. cruzi AdoMetDC mRNA clarified the sequence at the primer site
and the added information allowed the design of PCR primers, which were ultimately

successful in amplifying a 717 bp segment of the T. brucei AdoMetDC gene. This PCR
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product was used to isolate a clone from a genomic library that encompassed an open
reading frame of 1,110 bp and encoded a protein of 370 amino acids. Analysis of the
predicted amino acid sequence of the 7. brucei AdoMetDC yielded a calculated M, = 41.7
kd for the immature proenzyme, which although 6% smaller than the L. donovani enzyme,
is still 3.4 kd larger than the human enzyme. The subunits of the active enzyme had a
predicted M, = 31.7 and 9.7 kd for the a- and S-subunits, respectively. Alignment of the
predicted amino acid sequences of the AdoMetDC genes revealed that the 1. brucei
AdoMetDC gene had 67% identity to the primary structure of the L. donovani protein and
26% and 22% identity to those of the human and yeast enzymes, respectively.

Maximum gap alignment of both the 7. brucei and L. donovani AdoMetDCs with the
reported eukaryotic and E. coli AdoMetDC sequences showed the parasite enzymes to be
the most divergent of the eukaryotic proteins. Like the other eukaryotic proteins, however,
the parasite AdoMetDCs shafed essentially no homology with the E. coli enzyme. Despite
the lack of overall homology to the other eukaryotic AdoMetDC primary structures, the 7.
brucei and L. donovani enzymes are similar to other eukaryotic AdoMetDCs in that they are
synthesized as a proenzyme that is cleaved at a glutamyl-serine bond to produce the a- and
p-subunits of the active enzymes. Thus, the cleavage sites of the proenzymes are identical
to the cleavage sites of other eukaryotes, with high conservation of the surrounding eight
amino acids. Southern blot analysis of the genomic DNAs revealed that the 1. brucei
AdoMetDC is present in multiple copies and is tandemly repeated at one locus, if not more,
while the L. donovani gene is pvresent as a single copy. Analysis of 7. brucei and L. donovani

mRNA by Northern blotting revealed that the coding sequence of the AdoMetDC genes



hybridized to single 1.8 kb and 3.1 kb transcripts, respectively.

Attempts to purify and characterize the AdoMetDC enzyme of T. brucei and L.
donovani have previously been hindered by the inability to obtain large amounts of the
protein. To obtain sufficient amounts of protein for enzymatic studies the coding regions
of the respective genes were ligated into the bacterial expression vector pBAce, which
utilizes the inducible bacterial phoA promoter to direct the expression of foreign genes in
the multiple cloning site of the plasmid. The recombinant 7. brucei AdoMetDC was
expressed poorly; however, high levels of expression were obtained for the recombinant L.
dovovani AdoMetDC, ranging from 40 - 60% of the total cellular protein. Although most
of the recombinant L. donovani protein was present in the insoluble fraction in the form of
inclusion bodies, a significant amount was soluble, corresponding to 50-100-fold greater
levels of AdoMetDC activity (3 nmol of CO,/h/mg of protein) than in promastigote L.
donovani lysates and was sufficient to allow the biochemical characterization of the enzyme.
The recombinant enzyme had a calculated K for S-adenosylmethionine of 76 uM.

To investigate whether the L. donovani AdoMetDC enzyme plays a regulatory role
in the polyamine biosynthetic pathway, the pathway intermediate, putrescine, and product,
spermidine, were tested for their effects on the activity of the AdoMetDC enzyme. The
activity of the leishmanial AdoMetDC enzyme was stimulated approximately three fold over
basal levels by the presence of 2 mM putrescine, with half-maximal stimulation at 50 uM.
The putrescine stimulation of activity was strongly inhibited by micromolar concentrations
of spermidine. Thus, it appears that the L. donovani AdoMetDC enzyme represents a

classic regulatory enzyme, in a biochemical sense, being activated by an intermediate and



inhibited by the product of its pathway.

To obtain an additional tool with which to characterize the native AdoMetDC
enzyme of both the wild-type L. donovani and MDL 73811 resistant mutant cells, rabbit
antibodies were raised against the recombinant L. donovani AdoMetDC protein and were
used to probe Western blots of SDS-PAGE separated promastigote parasite proteins.
Western blots of parasites harvested during stationary phase showed two bands with the
apparent molecular weights of the a- and S-subunits of the active enzyme, while blots of
exponentially growing parasite proteins revealed a third band with an apparent molecular
weight of the proenzyme.

In order to map the 5’ end of the mature AdoMetDC transcripts from T. brucei and
L. donovani, cDNA was synthesized and amplified using PCR and oligonucleotide primers
corresponding to the spliced-leader sequence (SLS), which caps all mature mRNAs in these
organisms, and an AdoMetDC specific sequence. Analysis of the amplified sequences
indicated that the SLS attachment site on the leishmanial and trypanosomal AdoMetDC
transcripts was 146 and 143 nucleotides 5’ from the translational start sites, respectively.

To further characterize the chemotlierapeutic mechanism of the adenosylmethionine
analog, MDL 73811, a L. donovani derived cell line was generated by growing the parasites
in sequentially increasing concentrations of the drug until a mutant was obtained capable
of growing at concentrations which were 250 fold greater than lethal concentrations for wild-
type cells. The L. donovani AdoMetDC gene was used to genetically analyze the possibility
of gene amplification or transcriptional activation as a mode of drug resistance. Careful

analysis of Northern and Southern blotting experiments indicated that both the copy number
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of the AdoMetDC gene and the levels of its mRNA in mutants and wild-type cells were
essentially equal. Likewise, biochemical studies showed no increase in AdoMetDC
enzymatic activity in the mutant cell line as well and little difference in the sensitivities of
the enzymes to inhibition by MDL 73811. From these results we conclude that it is unlikely
that any modification of AdoMetDC activity or kinetic characteristics plays a role in the
MDL 73811 drug resistant phenotype of the MDL 1000 mutant cell line.

As an outgrowth of our use of the T. cruzi AdoMetDC as an evolutionary stepping
stone to isolate the T. brucei AdoMetDC gene, we wished to investigate the published
hypothesis that 7. cruzi is evolutionarily closer related to 7. brucei than to L. donovani, e.g.,
that 7. cruzi and T. brucei diverged from a common ancestor later than did L. donovan.
Molecular phylogenic analysis of the protein sequences inferred here and of those reported
for other AdoMetDC enzymes was generally in good agreement with published molecular
phylogenies that used the highly conserved small-subunit ribosomal RNA (rRNA) gene
sequences, predicting that the Leishmania and Trypanosoma genera are evolutionarily closely
related and that they branched early from the eukaryotic lineage, as did other protozoan
species. The phylogenic model constructed from the parasite AdoMetDCs, using the partial
sequence obtained from the 7. cruzi AdoMetDC PCR product, predicted however that
Leishmania and T. cruzi diverged from a common ancestor later than T. brucei and are
therefore the more closely related of the three organisms. This conflicts somewhat with the
one previously published model. The methods employed to create the phylogeny and the

results are discussed in greater detail in Appendix A.



INTRODUCTION

A. Parasitic Diseases

"And they journeyed from Mount Hor by way of the Red Sea, to compass the land of
Edom...and the Lord sent fiery serpents among the people, and they bit the people: and much
people died.... And the Lord said unto Moses, "Make thee a fiery serpent and set it upon a pole;
and it shall come to pass that everyone that is bitten, when he looketh upon it, shall live.”"

NUMBERS 21:6

The preceding passage is among the earliest and best read references to the
intertwined existence of parasites and their human hosts. The quotation refers to the guinea
fire worm, Dracunculus medinensis, whose larvae continue, even today, to contaminate the
water supplies of the Middle East, Africa and Mediterranean basin, causing millions of
infections and tens of thousand of deaths annually (Figure 1) (1). The meter-long adult
female migrates to the skin, causing a burning ulcer, from which it must be extracted by
rolling, centimeter by centimeter, around a small twig at a rate of one centimeter per day,
over a period of about four weeks. This centuries old treatment, which is still practiced in
many countries, is maintained symbplically in our society as the caduceus serpents, more
commonly known as the emblem of the medical profession (Figure 2).

More recent works on infectious disease define a parasite as any organism that
spends a portion of its life cycle in contact with and living at the expense of its host. Thus
true parasites range in size from the 10-nanometer virions to the 10-meter long fish tape

worm, Diphyllobothrium latum (2). The scientific discipline of parasitology has, however,



Figure 1. Life cycle (above) and a 14th century wood cut (below) depicting the extraction
of the guinea fire worm, Dracunculus medinensis (From "Medicine: A Treasury of Art and

Literature. Macmillan Publishers, 1989).
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Figure 2. The two-headed serpent caduceus (above) and the symbol of American Medical

Association and the medical profession (below).
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been further delineated into two major groups of eukaryotic organisms: the protozoa and
the helminths, or worms. Annually, these two groups of organisms afflict nearly two thirds
of the world’s population and severely impact the public health and the economic
development of developing countries throughout the world. The scope of human parasitic
disease is easily illustrated by two species of blood sucking hookworms, Necator americanus
and Ancylostoma duodenale, which infect nearly a billion people world-wide. Taking this
number into consideration, these organisms consume a volume of blood on a daily basis
roughly equivalent to that which would be obtained if every man, woman and child in New
York city were to donate one unit of blood (1). More sobering, perhaps, is the fact that
Plasmodium falciparum, the causative agent of malaria, continues to be the all time leading
killer of all etiologies and its historical impact can be appreciated in light of the fact that
half of all people who have lived and died have died of malaria (3).

Nearly equalling the breadth of the devastation caused by these organisms is their
distinctive molecular biology and repertoire of unique biochemical pathways. It is this
uniqueness that makes molecular and biochemical parasitology not only scientifically
intriguing, but also of great utility in that many of the biochemical differences between the
host and the parasite offer the opportunity for chemotherapeutic intervention.

It is against this backdrop of academic interest and practical necessity that this
dissertation focuses on a rational chemotherapeutic target, S-adenosylmethionine
decarboxylase (AdoMetDC), of two important protozoan parasites Leishmania donovani and

Trypanosoma brucei brucei.
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B. The Order Kinetoplastida

1. Classification

Leishmania and the trypanosomes belong to the Trypanosomatidae family and are
known as kinetoplastid flagellates. They are a biologically diverse group of protozoans that
are probably among the earliest organisms to diverge from our common eukaryotic ancestor
(Figure 3) (4). Kinetoplastid flagellates, both free living and parasitic, are characterized by
a single mitochondrion, the kinetoplast, which is unique in that it contains a network of
thousands of topologically interlocked DNA circles. The main component of kinetoplast
DNA (kDNA), comprising approximately 95% of the total kDNA, are the 0.7-2.5 kb
minicircles (5,6). The remaining 5% of the kDNA is made up of approximately 50, 20 kb
circular DNAs, that are analogous to the mitochondrial DNAs of most other eukaryotes (6).
Specific kDNA sequences have recently been characterized and are currently utilized
diagnostically to detect and ciassify human infections of Leishmania and trypanosomiasis
(5,7,8).

The classification of each species and subspecies of Leishmania and the trypanosomes
(Figure 4) is based on in vitro growth patterns of the promastigote as well as epidemiologic

factors, isoenzyme analysis, and DNA-DNA hybridization studies (9,10).
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Figure 3. The evolutionary relationship of the trypandsomes and Leishmania to other
commeon organisms as determined from srmall-subunit rRNA gene sequence similarities. The
relationship of the members of the Trypanosomatidae family to each other was inferred
from the amino acid sequence similarities of the AdoMetDC enzyme as discussed in
Appendix 1. The span between the nodes of the tree is proportional to the evolutionary
distance between the organisms and is represented by the horizontal component of their
separation in the figure (Adapted from reference 4). The relationship of Trypanosoma cruzi
to Leishmania and Trypanosoma brucei as evolutionarily halfway between the two enabled
us to use it as an evolutionary stepping stone. The deduced amino acid sequence from a
T. cruzi AdoMetDC PCR product provided crucial sequence information, which allowed us

to redesign our PCR primers so that they would amplify a segment of the T. brucei gene.
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Figure 4. Phylogenetic classification of the Leishmania and Trypanosoma genera, relative

to other, common parasitic organisms from other phyla.
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2. Leishmania

a. History and Significance

References to cutaneous leishmaniasis in the form of paintings on clay tablets and
pottery have been found dating to the second millennium B.C. (11). However, it was not
until 1903 that the agent of visceral leishmaniasis, Leishmania donovani (L. donovani) was
independently identified by W.B. Leishman and C. Donovan working in India (1).

Leishmaniasis is endemic throughout the tropical and subtropical regions of the world
(Figure 5). Annually the global incidence of new infections by the various species of
Leishmania is between 400,000-600,000; however, hundreds of thousands more may be
infected but go undetected due to the lack of adequate medical surveillance. Outbreaks of
leishmaniasis impact the lives of millions (12) and continue to influence population
movements in many regions of the world where the health care systems have been disrupted
by war (13). As recently as 1991, a mass migration of the Sudanese Nuer tribe was linked
to an epidemic of visceral leishmaniasis. Of the 2,714 refugees treated, 1,195 (44%) had
clinical symptoms of visceral leishmaniasis (13).

Leishmania has also taken on a new significance as an opportunistic pathogen in
transplant recipients, chemotherépy patients, and individuals with AIDS (14).
Mediterranean countries such as Spain, France, and Italy have experienced dramatic
increases in visceral leishmaniasis, most commonly associated w1th concomitant HIV .
infection (14-16). Further, the incidence of viscerotropic leishmaniasis, a form of visceral
leishmaniasis caused by an L. donovani-related organism, Leishmania major, which is

endemic to Saudi Arabia and the Arabic peninsula, has already been diagnosed in 35 Gulif
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Figure 5. Geographic distribution of leishmaniasis (adapted from information in reference

;b8
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War veterans and it is likely that this number will continue to rise as more ill veterans are
screened for the disease (17). Questions have also been raised about the safety of blood
donations from all returning veterans. Because the incubation period of visceral
leishmaniasis can be as long as two and a half years, blood (ionated from symptomless

individuals can be a source of infection for an as yet undetermined length of time (18).

b. Life Cycle

In most endemic areas leishmaniasis is a zoonoses, or rather a disease of animals
which is transmitted by an arthropod vector, in this case the female phlebotamine sandfly,
to man as an incidental host (19). Only in India and certain African areas does man
function as a reservoir for the infection of sandflies. Reservoirs for Leishmania vary from
region to region; however, the best know examples include dogs (Asia and the Middle East),
rodents (Saudi Arabia, East Africa, and regions of what used to be the Soviet Union), and
opossums (Central and South America) (12).

Leishmania have two distinct morphologic stages in their life cycle: a flagellated,
motile, insect-vector form called the promastigote and an aflagellate, nonmotile, intracellular
form which infects the host macrophiage, referred to as an amastigote (Figure 6). Infection
 begins when the host is bitten and inoculated by a female phlebotomine sandfly. The
parasites are then phagocytized by macrophages and undergo a number of metabolic and
morphologic changes characteristic of the amastigote stage, which is not only viable in, but
literally thrives within the phagolysozome of the macrophage (19). Following the rupture

of the infected macrophage the amastigotes remain either localized and repeat the cycle,
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causing cutaneous leishmaniasis, or as is the case with visceral leishmaniasis, become
disseminated and seed the organs of the reticuloendothelial system, e.g., the bone marrow,
spleen, lymph nodes, and liver. The cycle is completed when another female sandfly takes
a blood meal from an infected host and ingests macrophages con‘téining parasites (1). Upon
entering the environment of the sandfly stomach and subsequent release from the
macrophage, the amastigotes undergo yet another morphologic and metabolic

transformation, reverting to the original promastigote form (12).

c. Leishmaniasis as a Clinical Disease

The varied and distinctive lesions caused by Leishmania make leishmaniasis one of
the more complex of the parasitic diseases. Traditionally, three major clinical diseases have
been described, each caused by multiple species of Leishmania, with each species having its
own distinct geographic distribution and epidemiologic characteristics (Table 1.) (11,19). It
has, however, been proposed that a fourth disease classification be created to include the
viscerotropic leishmaniasis of the returning Gulf War veterans (17). The pathologic
spectrum of leishmaniasis ranges from a self-limiting infection of the skin to the chronic and
sometimes fatal systemic illness caused by L. donovani (20). The actual outcome of the
infection, however, depends on the species and virulence of the infecting organism as well
as the immune responsiveness of the host (19,21).

Both visceral leishmaniasis and viscerotropic leishmaniasis often present with flu-like
symptoms, followed later by inflammation of the major organs of the reticuloendothelial

system (11,20). Without treatment, the infection can, and often does, assume a chronic
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Table I. Clinical manifestations and geographic distribution of Leishmania species

(compiled from references 1 and 19).
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and fatal course, with the host generally succumbing to opportunistic infections (20). Among
those that recover, either spontaneously or with treatment, 2-20% develop chronic cutaneous
leishmaniasis characterized by hypersensitivity to leishmanial antigens similar to that seen
in leprosy (1). Infected macrophages within the area of affected skin provide an important
source of infection for sandflies (19).

Although cutaneous leishmaniasis invariably resolves without treatment, most forms
of mucocutaneous and visceral leishmaniasis must be treated pharmacologically with
intravenous pentavalent antimonials, usually sodium stibogluconate (Pentostam) or a related
compound meglumine antimonate (Glucantime) over the course of several weeks to effect
cures (11). Unfortunately because the pentavalent antimonials have been in use for over
70 years, resistance to these drugs has become both a clinical and epidemiologic problem
(19). Resistant strains are usually treated with pentamidine isethionate or amphotericin B
(22); however, both of these compounds have side effects which surpass even those of the
antimonial drugs, ranging from liver disease and anemia to kidney failure, and their use is
reserved for emergency situations (22).

Recent work on the chemotherapy of leishmaniasis has focused on the delivery of
amphotericin B to the reticuloendothelial system in the form of liposomes, thereby greatly
increasing treatment specificity and diminishing many of the adverse side effects (11). The
technical support for this form of therapy unfortunateiy precludes its use in most of the
countries with the highest incidence of leishmaniasis.

In summary, the clinical expression and treatment outcome of human leishmaniasis

depends not only on the virulence of the infecting species, but also on host factors such as
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nutritional and immunologic status (21). The design of more effective therapeutic regimens
for the treatment of leishmaniasis will not only have to circumvent the problem of drug

resistance, but be customized to the immune status of the patient as well.

d. Prevention and Control of Leishmaniasis

‘The control of leishmaniasis in most regions is confounded by the fact that humans
are only an incidental host to a large reservoir of parasites which are maintained by cycles
of infection in wild animal populations (19). Due to the epidemiologic problems this poses,
immunization is the most attractive alternative. Unfortunately, an effective vaccine has yet
to be developed despite an intensive research effort and until such measures are developed,
literally millions of lives are dependent on the development of suitable alternative measures
to combat leishmaniasis (23,24).

A variety of traditional methods have been employed to prevent the spread of
leishmaniasis involving vector control, forms of immunization, and elimina<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>